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Introduction
On Earth, the origin and evolution of life has been influenced by constant exposure to a gravitational field.
An ever-present epigenetic (extrinsic) force of one gravitational unit (1g) affects the morphology,
development, physiology, and behavior of living organisms; the extent and diversity of adaptations to this
1,2
force underscore its importance as an environmental factor . Changes in the gravitational environment
often have drastic and pleiotropic consequences, and have been described empirically for numerous
3,4
organisms ranging from humans and mice to snails and plants, and even bacteria . We must be able to
compensate for these changes before we can plan any long-term space flight, including the mission to Mars.
However, compensation has as its prerequisite understanding. Elucidation of the cellular, subcellular, and
molecular mechanisms responsible for the plethora of descriptive findings of microgravity- or spaceflightrelated changes is necessary.
Orbital space flight affords a unique opportunity to specifically dissect the molecular mechanisms of
gravity perception, signal transduction, and effect in many living organisms. The near-weightless condition
produced in the Space Shuttle or Space Station during orbit around Earth allows examination of an organism
in the absence of the epigenetic gravitational force that has shaped its evolution. Conclusions drawn by
comparison to control organisms on Earth contribute to the fundamental understanding of the basic
mechanisms underlying life itself, such as changes in gene expression or cell structure, and the nature of
cellular receptors, and signal transduction pathways. Insights of developmental, therapeutic, and
prophylactic significance that are gained can affect the lives or humans and other organisms here on Earth,
5
as well as those destined to live for prolonged periods in microgravity .

Scope and Relevance to Gravitational Biology
We describe here, for the first time, two molecular biological methods that were developed to address
specific methodological problems that arise during the design of protocols for use with space flight
specimens. Both are widely applicable to research on the many organisms utilized in gravity-sensing model
systems. Each technique is described, and then demonstrated in an example from our research. The first, a
novel reverse hybridization (RH) protocol, was developed to rapidly examine the gene expression patterns of
many genes at once in a single tissue sample. It is well-documented that the individual cell types of an
organism express a characteristic set of genes, and that changes in their expression can be diagnostic of
physiological or environmental stresses. Potential changes in gene expression due to exposure to the
spaceflight environment could be documented quickly with this protocol. This method has the additional
advantage that it requires only very small samples of tissue, thus maximizing the use of finite quantities of
irreplaceable space flight specimens. RH was used to examine the expression of genes in soybean that are
involved in carbohydrate metabolism and starch deposition, since the quantity and size of starch grains
6
(statoliths) in plastids has been shown to be affected by alterations in the gravity environment (and
references therein).
The second method is a histochemical technique that was developed for the analysis of a specific
subcellular structure, the nucleolus, which is present in the interphase cell nucleus. The typology and spatial
relationships of nucleolar components vary by cell type, and are known to be sensitive to environmental
7
stresses and the physiological status of the organism . Changes in the characteristic components of specific
cells can, therefore, serve as a potential indicator of microgravity-induced alterations in gravity-sensing
organs, such as the vestibular apparatus of the inner ear. Use of this improved silver-staining protocol has
led us to propose a classification scheme for distinct phenotypical differences in nucleoli, which can be used
for the interpretation of silver-staining data. Both of the biomolecular methods described herein can

potentially make a significant contribution to several fields, ranging from gravitational biology to diagnostic
pathology and cytogenetics.

Gravity Perception Mechanisms in Higher Plants
Plants are extremely sensitive to gravitational signals, having the ability to perceive and align their growth
with the gravitational vector (and re-align, upon displacement from the initial angle of growth) such that their
3
shoots grow vertically upward, and the roots grow downward, by a process known as gravitropism . Water
and nutrients absorbed from the soil by the roots, and photosynthetic metabolites from the leaves, are
actively transported throughout the plant, often against the downward pull of gravity.
Of several hypotheses put forth to explain gravity perception and gravitropism, today the Òstarch statolithÓ
hypothesis is probably the most widely accepted. Originating in the late 1800Õs and early 1900Õs, it suggests
that the gravity-sensing cells of higher plants contain intracellular sedimenting particles (statoliths;
amyloplasts, or starch granules within amyloplasts) that act by exerting a downward force on the inner side
of the plasmalemma or upon cytoskeletal elements, thus activating pressure- or stretch-sensitive channels in
8
the membrane . Activation of these channels initiates a signal transduction cascade that results in changes
in plant hormone levels and the growth of specific cells or organs, and ultimately ends in the plantÕs adaptive
9
response to its gravitational environment . In a microgravity environment, however, statolith sedimentation
would not be expected to occur, resulting in a substantial change in gravitational signal transduction paths.
Space horticulture has thus far focused on learning how to grow plants successfully in space, either for
basic research or for use in an Advanced Life Support (ALS) program. Several studies have described
morphological changes in plants, at the organismal, cellular, or subcellular level, that were germinated on
10,11
. However, results to date are
Earth and grown for a period of time in a microgravity environment
somewhat inconclusive. Because sequential seed-to-seed growth for several generations has not been
accomplished in microgravity, it is not clear whether the potential stresses of space flight and microgravity
will affect developmental processes in plants or the production of crops from plants that have evolved on
Earth in the presence of gravity. Changes in the quantity of starch, size of starch granules, and their
deposition patterns within various cell types has also been observed in several space flight experiments, but
12
again, the results are ambiguous . In an attempt to understand the molecular mechanisms driving these
changes, it is of interest to examine the expression of genes involved in starch (statolith) formation and
degradation, as well as those involved in plant carbohydrate metabolism in general. Many of these genes
(cDNAs) have been cloned from several different species, and their specific individual effects upon
13,14
. Individual cDNAs can be used as hybridization probes to detect a similar
metabolism are documented
gene or its transcript (mRNA) in tissues from the same or different species. It is uncommon, however, to see
more than two cDNAs used as probes in the same hybridization reaction. Obviously, this makes analysis of
the expression patterns of several genes an expensive and time consuming process. The reverse
hybridization (RH) method we describe can be custom-tailored to include many or only a few cDNAs, and
reaction conditions can be adjusted to allow detection of homologous or heterologous transcripts.

Gene Expression Analysis by Reverse Hybridization
This novel, polymerase chain reaction (PCR)-based RH method may be advantageous in identifying
genes that are differentially expressed in microgravity conditions. This protocol is especially well-suited for
use with small samples, as are often available from spaceflight experiments, as it allows screening of an
entire array of many target genes at once. This is in contrast to traditional protocols for the analysis of gene
expression, such as Northern blotting, which utilize one cDNA probe at a time and require comparatively
15
large quantities of RNA . In addition, the nylon membranes used in RH can be re-used several times.
Since the focal point of our research is gravity perception mechanisms in plants, we examined the
expression of genes known to be involved in starch synthesis / breakdown, metabolite allocation in general,
and those that serve as useful markers for quantitative purposes. Note that even though our work is in
plants (Ògreen eukaryotesÓ), the principles of the technique can be applied to gene expression analysis in any
other species or model system.
Briefly, RH involves two main steps. First, equivalent amounts of previously cloned cDNAs of various
target genes of interest are immobilized in an array by slot-blotting onto a solid nylon membrane support.
Second, total RNA is isolated from each experimental sample to be analyzed for changes in gene
expression, and carefully quantitated. An equivalent amount of total RNA from each sample is reverse
transcribed (RT) with oligo-dT15 primers to produce first strand cDNA, which is, in theory, representative of all
of the mRNA molecules present in the original tissue. First strand cDNA is then exponentially re-amplified by
PCR with the same primers to incorporate a detectable label, which can be radioactive or non-radioactive.

The resulting labeled pool is then used as a probe of the membrane-immobilized cDNAs (produced in step 1)
in a liquid hybridization reaction. Hybridization conditions can be adjusted according to the degree of
homology of the target cDNAs and the expected abundance of the message in the experimental samples.
Detected patterns of differential gene expression are then visualized on X-ray film by autoradiography or
chemiluminescence. This process is shown below.

Figure 1
Schematic representation of reverse
hybridization (see text for details).

Reverse hybridization was used to
examine the expression of five genes in
tissues of eight-day old etiolated soybean
plants. Equivalent amounts of each
cDNA were blotted to a nylon membrane
using a vacuum manifold and standard
15
protocols , and were immobilized by UVcrosslinking. Total RNA was extracted
from each tissue sample as previously
described, and was quantitated by
measuring the absorbance of appropriate
16
dilutions at l = 260 nm .
RT reactions were performed in a total
volume of 40 ml. For each reaction, 5 mg
of total RNA was diluted to 21 ml in sterile
o
water, heated at 72 C for 3 min., then
cooled on ice. The following reagents
were added in order: 8 ml of 5X enzyme
buffer, 6 ml 10X dNTP mix (0.25 mM each
dNTP), 1 ml RNAsin (Promega, 40U/ml), 1
ml oligo dT15 (0.8 mg/ml), and 2 ml AMV-RT
(Promega, 25U/ml). Samples were then
o
sequentially heated at 42 C for 1 hour,
o
o
80 C for 10 min., and 95 C for 5 min.,
then cooled on ice. PCR reactions were
performed in siliconized, nuclease-free
o
tubes with a 5 min. 95 C hot start in a
total volume of 50 ml. Reactions
contained 5 ml 10X enzyme buffer, 5 ml
10X dNTP mix, 1 ml digoxigenin-11-dUTP (alkali-labile, 1 n mole/ml), 4 ml RT reaction, and 2 U Taq DNA
o
o
o
polymerase (Promega). 40 cycles [30 sec. at 95 C, 1 min. at 40 C, 1 min. at 72 C] were performed, followed
o
by a final extension for 5 min. at 72 C. To be sure that an equivalent amount of label had been incorporated
into each reaction, 2.5 ml of each probe was run on a 1.0% agarose gel in TAE buffer; the gel was blotted to
a nylon membrane by capillary transfer, and the blot was processed to detect the label by
chemiluminescence as per the manufacturerÕs instructions (Boehringer Mannheim).
Normalized quantities of each probe (labeled pool) were then sequentially hybridized to a single
membrane that was stripped before re-hybridization to the next probe. Hybridization reactions were
o
o
o
performed in aqueous buffer solution at stringent (65 C), or relaxed (55 C or 45 C) temperatures to allow for
intra- or inter-species binding of the probe. Hybridization of each probe to the target gene set was performed
o
at least twice at each temperature. A typical result of hybridization at 55 C, showing differential gene
expression between tissue types, is shown in Figure 2. We are in the process of utilizing this technique to
study gene expression in soybean plants from three Shuttle missions: BRIC-01 (STS-68), BRIC-03 (STS63), and the recent CUE-GENEX flight (STS-87).

Figure 2
Reverse hybridization analysis of
etiolated soybean tissues; specific
types are listed in the left column. The
expression patterns of the five cDNAs
listed in the top row, of homologous
and heterologous origin, were
examined by hybridization at 55oC in
an aqueous buffer solution (nonstringent conditions), and quantitated
by densitometric scanning. Binding of
digoxigenin-11-dUTP-labeled probes
to experimental tissues was fast and
reproducible, although the non-specific background from this chemiluminescent detection method was
typically higher than that obtained with a radioactive [32P] probe.

Gravireception Mechanisms in Vertebrates
Because humans and other organisms have evolved in the presence of gravity, we do not consciously
detect its force; however, we depend upon the gravitational field for perceptual information. Our ability to
sense and control our relationship to this gravitational force and our motions within that environment stems
from the integration of sensory signals. Our brain integrates sensations of sight, hearing and touch
(pressure) with signals from the vestibular organs of the inner ear, resulting in awareness of the direction and
magnitude of the net forces and instructions to the rest of the body as to the proper compensatory measures.
The basic structure of the vestibular gravity-sensing organs saccule and utricle, which respond to linear
acceleration, consists of a sensory epithelium covered by the otolithic membrane, a mucopolysaccharide gel
17,5
filled with calcium carbonate crystals (statoconia, otoconia) . Gravitational fields and linear acceleration
can shift the crystals in relation to the sensory epithelium, resulting in movement of hair cell stereocilia,
located on the surface of these mechanoreceptors. Stimulation of the hair cells generates neural impulses,
which send signals to the brain concerning the direction and magnitude of the net gravito-inertial forces
acting on the body.
The microgravity environment created inside a spacecraft in orbit around Earth causes significant
adaptive processes to occur within the vestibular sensory apparatus, and transforms the nature of the
5
neurological signals generated . These and other changes are thought to be responsible for disturbances of
spatial orientation and clinical symptoms, such as visual-orientation illusions and Òspace motion sicknessÓ,
18,19
. In addition, changes in gravity-sensing organs and the signals
that can be debilitating for astronauts
they transmit are medically relevant because they affect the way we control our balance and avoid falls here
20
on Earth . Moreover, studies pertaining to the development (ontogenesis) of gravity-sensing organs under
microgravity conditions will help to elucidate the epigenetic effect of gravity on the functional architecture of
this system and the role of gravity on the development and maintenance of the vestibular systemÕs capability
for neuroplasticity. Information gained from such studies is of critical importance, because it may allow the
development of compensatory strategies that would have profound consequences for the performance of
astronauts in space, their post-flight recovery on Earth, and the possibility of future long-term spaceflight
missions.
In order to address some of the aforementioned issues, we have studied the ontogenesis of statoconia
and maculae in the vestibular organs of the inner ear. Chick embryos were chosen as animal models
because they represent a well-studied paradigm that develops rapidly outside the maternal body, free from
maternal influences. The vestibular organs display a similar organization in human and avian inner ears, and
information provided by genome sequencing projects has led to the recognition that molecular mechanisms
of development are conserved across phylogeny. Our focus has been on characterization of potential
indicators of changes in the physiological status of gravity-sensing organs of the inner ear.
We have developed a method for analysis of the nucleolus, a well-defined subcellular region in the
interphase cell nucleus, which contains ribosomal genes and is the site where ribosomal biogenesis occurs.
Individual elements within the nucleolus have been distinguished in most cell types by their characteristic
21
staining properties and ultrastructure . However, the organization of these subnucleolar compartments is
7
related to cell type and metabolic condition of the cell , and studies designed to correlate cytological structure
22
with function have shown that the nucleolus changes in response to various chemical and physical agents

(and references therein). In addition, several physiological conditions such as differentiation, seasonal
23
variations, circadian rhythms, and neoplasia (cancer) result in modified nucleolar configurations . We
theorized that, due to their sensitivity to environmental stresses and physiological status, nucleolar
morphology might reflect alterations in the cells of gravity-sensing organs exposed to microgravity, such as
those from the Spacelab-J L-7 experiment.

Methodological Approaches to Subcellular Nucleolar Organizer Region Analysis
Histochemical approaches have the advantage of bridging morphological features and biochemical
24
constituents, thus contributing insight into a cellÕs function . The technique we have developed allows
histochemical detection of nucleolar organizer regions (NORs), the fibrillar centers and dense fibrillar
subnucleolar components of the nucleolus that are present during interphase. Some of the NOR-associated
non-histone acidic proteins can bind to silver (Ag) in a reaction that involves specific types of protein
25,26
. This argyrophilic binding has permitted the development of Ag-staining methods for selective
moieties
detection of these regions, and allows the visualization of NORs at the optical level in chromosomes and
27
nucleoli . Importantly, the affinity of NOR for silver-staining is directly related to the level of transcriptional
28
activity in this region . Studies have used the argyrophilic profile of a cell (as revealed by NOR silver29,30
. However,
staining) as an index of metabolic activity, cellular maturity, and proliferative (mitotic) activity
the NOR silver-staining approaches currently available are problematic because reproducibility of results is
inconsistent and non-specific background staining is often present. Furthermore, no standardized
classification of NOR phenotype polymorphism has been established. Our method is an improved
histochemical procedure for examination of chronological and topographical aspects of NOR expression in
the embryonic avian maculae, for the study of possible microgravity-induced changes.
31
In this procedure, embryonic chicks were staged , and inner ears were dissected and fixed as
32
described . Utricle and saccule specimens were infiltrated and embedded in polyester wax, sectioned (7m),
o
and collected onto slides coated with chrome-alum gelatin. Dried, pre-warmed slides (37 C) were immersed
in warm xylene, then sections were rehydrated in an ethanol series and treated with 10% periodic acid and /
or 1 or 0.5 M ammonium chloride. Following dehydration, slides were incubated sequentially in 100%
ethanol, acetic acid : ethanol (1:3), and 100% ethanol. Sections were again rehydrated, then slides were
o
inverted in a humidified chamber and exposed to a silver nitrate-gelatin-formic acid solution at 45 C.
Following incubation, sections were washed with deionized water, dehydrated, exposed to xylene, and
mounted with a coverslip. Tissue sections were examined by light microscopy, and photographed under
bright field. A typical result is shown below.

Figure 3
Cellular architecture of an argyrophilstained avian gravity-sensing organ.
(Cross-section, low magnification.)

Notwithstanding that, to our knowledge, NOR silver staining techniques have not been previously applied
to avian tissues nor inner ear organs, in our preliminary studies this improved NOR staining technique
produced distinctly-defined silver-stained dots in all specimens studied. Strongly argyrophilic nucleoli were
detected, which displayed Ag-NORs visualized microscopically as discrete dark brown to black dots within
nuclei that stained yellow. Non-specific background silver staining was minimal. Overall, this technique
allowed accurate counting of optically detected Ag-NORs, as well as reproducible assessment of their
relative size, staining intensity, and topography. Differential analysis of cellular typology suggested the
existence of characteristic Ag-NOR phenotypes, as distinguished by variations in tissue-specific silver
staining patterns, leading us to propose a standardized classification scheme for use in the analysis and
interpretation of silver stained NORs.

NOR size, m

Shape
Index (SI)

NOR Type

# NOR per cell

Phenotype
Class

< 2.5

<2

Type-I, disk

0

0

>2

1
several, same
type

1

<2

Type-I, fragment
Type-II,
symmetrical

>2

Type-II,
asymmetrical

several, different
type

> 2.5
(aggregates)

2
3

Table 1
Proposed classification scheme of Ag-NOR phenotypes, for evaluation and interpretation of the silverstaining reaction. Requires estimation of a Shape Index, which is the ratio of the largest to the smallest
diameters for a particular Ag-NOR. NOR size and SI together determine the NOR Type (I or II), and each
Type is also subdivided. Type can be modified by a size related qualifier (small, medium, large), depending
on the tissue being examined. The number of NOR per cell and their Type together determine the Phenotype
Class. For example, rapidly dividing cancer cells might be Large, Type-II asymmetrical, Class 2. Image
analysis software, such as NIH Image (available as freeware), is required for implementation of this
classification scheme.

Universally Applicable Molecular Methods for Integrated Space Life Sciences and
Biomedical Research: Concluding Remarks
We must begin to understand the multiple, pleiotropic effects of the spaceflight environment on the
molecular biology of terrestrial organisms if we are to develop effective countermeasures. However, results
of previous flight experiments have sometimes been inconclusive or even contradictory, due to several
factors. Sample sizes and the number of treatment parameters are usually limited by space constraints, the
types of growth facilities used are often inconsistent between experiments, and space flights are often too
short in duration to adequately assess whether hypogravity itself and/or other aspects of the flight
environment are the causative agent of the observed changes. In addition, differences in the methodologies
used by separate research groups on the same experimental flight samples can potentially lead to
ambiguities in the resulting data. In the future, more unified experimental approaches will be necessary if we
are to understand the molecular mechanisms underlying the perception of the gravity signal, its transduction,
and conversion of the signal into an effective response, i.e., changes in development and/or growth.
We have presented two methods that are universally applicable in many scientific fields, including
gravitational biology, life sciences, and biomedicine. The argyrophil technique could be used by
33
cytogeneticists for the evaluation of certain genetic disorders, notably trisomies . In addition, it can be used
as a marker of cell differentiation and cell kinetics to identify malignant cells in cytological preparations and
34,35
. Reverse hybridization is potentially useful to any researcher in
histological sections in various tissues
any field who wishes to characterize changes in gene expression in any organism. Both of these techniques
are specific, simple, fast, and inexpensive, making them readily available for use in many fields in addition to
gravitational biology research, for which they were originally designed.
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